Over the coming years, practical solutions to mitigate end-of-range RBE uncertainties are likely to be translated into clinical practice. It has been demonstrated that, under certain circumstances, intensity modulated proton therapy (IMPT) with multifield optimisation can be used to push end-of-range linear energy transfer (LET) hotspots away from organs at risk, at little cost to target dose distributions. 3 However, LET (or other physics-based surrogates for RBE) have yet to be incorporated within broader treatment planning system (TPS) frameworks for robust optimisation. Beam number and beam angle selection will also be important considerations: wide "hinge-angles" between beams offer greater scope for LET optimisation and even proton arc-based solutions have been proposed. 4 But ultimately, RBE is more than an end-of-range problem that can be easily mitigated by incorporating physics-based surrogates into treatment plan optimisation. Even after physics-based mitigation, RBE introduces considerable biological uncertainty into predictions of treatment response. Improving our understanding of RBE and photon vs proton radiobiology would undoubtedly enable us to improve patient outcomes in proton therapy. 5 Traditionally, proton RBE has been estimated using repeated measures of clonogenic cell survival. In 2014, Paganetti performed a comprehensive analysis of experimental RBE values for clonogenic survival drawing upon 369 published data points, themselves the product of repeat measurements, from 76 studies. 6 Even with the vast body of input data considered, and using relatively coarse binning in abstract Proton radiotherapy is undergoing rapid expansion both within the UK and internationally, but significant challenges still need to be overcome if maximum benefit is to be realised from this technique. One major limitation is the persistent uncertainty in proton relative biological effectiveness (RBE). While RBE values are needed to link proton radiotherapy to our existing experience with photon radiotherapy, RBE remains poorly understood and is typically incorporated as a constant dose scaling factor of 1.1 in clinical plans. This is in contrast to extensive experimental evidence indicating that RBE is a function of dose, tissue type, and proton linear energy transfer, among other parameters. In this article, we discuss the challenges associated with obtaining clinically relevant values for proton RBE through commonly-used assays, and highlight the wide range of other experimental end points which can inform our understanding of RBE. We propose that accurate and robust optimization of proton radiotherapy ultimately requires a multiscale understanding of RBE, integrating subcellular, cellular, and patient-level processes. either α/β ratio or LET, the mean RBE values Paganetti reported were associated with 95% confidence intervals of up to ± 10%. 6 While errors can be reduced by carrying out more simple survival comparisons, this approach is limited. As illustrated in Figure 1 , with even modest assumptions of experimental error it could require several hundred independent experiments to provide ±2% confidence intervals for a single experimental condition, demands which are not feasible across the whole range of clinically relevant LET and α/β parameters. Consequently, the field needs to draw on a wider range of sources to better constrain and refine our models and predictions of RBE.
In this article, we outline the main sources of data which serve to improve our understanding of proton RBE at multiple scales, propose strategies to integrate such data into models and discuss the potential clinical impacts for proton therapy. multiscale sources of data Nanoscopic and microscopic physics Primary proton energy deposition patterns at the subcellular scale and secondary hadrons produced by nuclear interactions are key drivers of RBE variation. Survival following proton exposure is usually parameterised according to the amount of energy delivered to the system (dose) and the density or complexity of the delivery, which is typically described in terms of LET. However, while LET (averaged either by proton track or by dose) is a useful surrogate for the complexity of the damage resulting from the proton exposure, it provides an incomplete view of energy depositions on the nanoscale.
In reality, there is a change in not only the total amount of energy deposited by a proton as it passes through a cell, but also in the spatial distribution of energy depositions around a proton track and the energies of the secondary delta electrons produced. There is growing evidence that spatial effects may combine non-linearly to increase the complexity of damage in cells, making averaged LET at best an approximate surrogate for biological effectparticularly for the complex broad LET spectra which would be seen by cells during proton therapy treatment.
While these effects are complex, our capacity to model and quantify them is growing. A number of Monte Carlo track structure codes (such as Geant4-DNA 7 and PARTRAC 8 ) offer the potential to calculate individual energy deposition events on the scales relevant to biological damage. These physical predictions can increasingly be tested and validated using advances in nano-and microdosimetric techniques, such as tissue equivalent proportional counters 9 to allow calculations of ionisation distributions, and fluorescent nuclear track detectors 10, 11 which enable the co-visualisation of charged particle tracks and DNA damage in appropriately cultured cells.
Together, these observations can provide valuable insights into energy deposition on the nanoscale, and how this translates into the biophysical consequences of radiation, such as initial DNA damage and its complexity.
Cellular biology
Studies of differences in clonogenic cellular survival following exposure to different radiation types have been the mainstay of RBE studies for over five decades and have produced valuable insights into the biology underlying proton RBE, in spite of the above-mentioned statistical challenges. The overall trend of reduced survival with increasing LET has been well-understood for some time, being reviewed, e.g. by Jack Fowler in his 1981 book on particle therapy: 12 as LET increases cells suffer more "single-hit cell death, reflected in an increase in the α linearquadratic component and a steeper dose response curve, leading to greater sensitivity to a given dose. 6 However, the mechanisms by which this translation from more complex energy deposition "Measured" RBEs have been generated by sampling values for photon and proton radiosensitivity based on a "true" RBE of 1.1 with normally distributed uncertainties of different magnitudes (points). Even small experimental uncertainties can lead to large uncertainties in derived RBEs (95% CI, dotted line). Bottom: Number of independent experiments needed to achieve a 95% CI of ± 2% on RBE in this system. Even with modest experimental errors of 10%, over 250 experiments studying identical conditions are needed to achieve this target. CI,confidence interval; RBE, relative biologicaleffectiveness.
to increased cell killing occurs remains the subject of some disagreement. Changes in both the initial number 13 and the complexity 14 of double strand breaks (DSBs) have been proposed as potential mechanisms, as well as differences in the epigenetic effects of different radiation qualities. 15 While tumour cell death is the key driver of tumour control probability, cellular responses are not limited to survival alone. Yields of DNA DSBs, mutations, and chromosome aberrations are all also known to vary with irradiation type and LET. Effects such as the perturbation of cell communication through the induction of inflammatory molecules should also be considered. These end points all have their own complexities and uncertainties, but they can be used to probe different aspects of the early stages of radiation response in both tumours and normal tissues, providing radiobiological insight far exceeding that offered by isolated study of cell survival.
Furthermore, by coupling these observations with the significant advances in molecular biology and our improved knowledge of how cells respond to and repair DNA damage, there is great potential to further refine our understanding of the key determinants of cellular fate. This is particularly significant in light of the growing interest in radiotherapy personalisation, and evidence that some DNA repair mutations which are commonly found in many cancers confer additional sensitivity to proton irradiation. 16, 17 3D tissue and animal data While in vitro cellular studies offer enormous potential for us to probe basic biological responses to proton and photon radiation, within clinical proton therapy each cell's host environment at the micro-, tissue-, organ-and body-levels) will also prove important. Thus, there exists a clear requirement to determine how proton RBE effects observed in vitro translate to effects within more complete biological systems.
Developments in tissue engineering have led to the construction of realistic three-dimensional models of both normal tissues and tumours. 18 These models (typically built upon fabricated scaffolds) can usefully mimic three-dimensional cellular arrangements, interactions and microenvironments found in vivo. To date, the application of such models to the study of proton RBE has been limited, 19 but could provide extensive, reproducible data sets which bridge the gap between in vitro and in vivo RBE experiments.
In the early decades of proton therapy and indeed proton RBE , a variety of animal end points (such as skin reactions, organ weight loss or the dose at which half the laboratory animals died) were studied, with the majority returning RBE values broadly consistent with 1.1 (6) . Over recent years, further experiments have been conducted to investigate how specific proton RBE effects observed in vitro-particularly, those associated with end-of-range LET elevation-translate within animals. For the early normal-tissue end point of skin reaction in mice, enhanced biological effects have been reported for the distal edge of the proton spread-out Bragg peak (SOBP) and the first part of the distal dose drop-off. 20 Similarly, for another early end point of intestinal crypt regeneration in mice, proton irradiations at the distal edge of the SOBP were found to be statistically more effective than at the middle of the SOBP by a factor of 14% (1.05-1.23). 21 For a late end point of mouse death due to pneumonitis after selective irradiation of the thorax, a statistically insignificant 6% increase in proton RBE from the middle to the end of the SOBP was reported. 22 For both the mouse intestine and mouse thorax studies, however, the authors noted that in vivo RBE determination was difficult, in part because each biological system had a thickness of approximately 1.5 cm, such that the range of LETs considered across the system was broad and the RBE values yielded were not necessarily averages for the middle/ distal portions of the SOBP. 21, 22 The acquisition of further animal data to study clinically relevant RBE values in vivo will remain technically, ethically and financially challenging. However, in vivo demonstrations of effects predicted by multistage RBE models will likely prove necessary if such models are to be transferred to proton clinics. Animal models are likely to prove particularly helpful in validating the performance of RBE models in terms of tolerance doses and fractionation effects. 23 Application of advanced imaging techniques may enable us to further probe RBE effects pre-clinically for relevant end points.
Follow-up imaging of variable RBE effects in patients
Within translational radiotherapy research, new emphases have been placed on the application of radiomics 24 and data mining 25 to learn from every patient treated". These approaches are likely to prove especially valuable within proton therapy and the study of RBE, where patient numbers will remain small.
For ependymoma patients, a 2016 retrospective analysis found the incidence of voxelized image changes post-proton therapy (contoured hyperintensity on T2-FLAIR MR images) to be correlated to both proton dose and LET. 26 The dose at which image changes occurred was found to be lower when combined with elevated LET values, indicating an increase in biological effectiveness with increased LET. This study offered the first clinical evidence for variable proton RBE and further proposed a method for developing clinically relevant, but again empirical, RBE models. 23 Further evidence for variable proton biological effectiveness has recently been reported in a study of asymptomatic latephase radiographic changes amongst chest wall patients 27 . For matched proton and photon cohorts, asymptomatic late-phase radiographic changes within the lung were found to be significantly more prominent amongst those treated with protons. 27 An en-face proton beam arrangement was used, such that the authors report that the RBE elevation observed could be attributable to either (i) end-of-range proton LET elevation, (ii) the late, normal tissue end point considered, or a combination of these two. 27 Regardless, follow-up imaging was used to demonstrate that clinically-relevant RBEs exceeded 1.1.
Particularly, as the field of quantitative imaging develops, there exists considerable potential for prospective clinical studies with harmonized follow-up imaging protocols to deliver additional insight into proton RBE and to play a role in RBE model development/validation. The anticipated opening of the UK's first proton radiotherapy centres later this year may prove an ideal opportunity to build links between the clinical and research communities within the UK to further address these questions.
Clinical outcomes analyses
Prospective, randomized controlled trials remain the gold-standard for clinical evidence in radiation oncology and results from proton vs photon trials should enable us to directly compare the response of human tumours to the two radiation modalities. In particular, metrics such as TCD 50 , i.e. the dose required to achieve a local tumour control rate of 50%, may alert us to gross deficiencies in our assumed RBE value of 1.1 for tumour cell kill. 6 Results from prostate trials might prove particularly insightful: RBE values substantially exceeding 1.1 are typically modelled across all SOBP positions (assuming standard fractionation), due to prostate's low α/β ratio. 28 For early-and late-phase normal tissue end points, investigation of the relationship between clinical outcome and proton RBE will prove more challenging as organs at risk (or parts, thereof) typically receive highly heterogeneous doses in proton treatments. Due to the photon "dose-bath", entire organs at risk are typically irradiated to more homogeneous levels within photon treatments, such that separation of volume effects from RBE effects will not be easy. The collection and storage of both clinical and patient reported outcome data, plus voxelized dose and LET maps will prove important, if we are to work towards new voxel-by-voxel RBE and normal tissue complication probability models for healthy tissues. Further, rates of second cancer induction will be a key consideration for proton treatments, 29 particularly for paediatric patients.
aPProaches to integrate different data tyPes
There are a variety of sources of RBE data which could be used to refine multiscale RBE models, but their integration is not trivial. Many of the most widely used RBE models are empirical modifications to linear-quadratic survival curves, based on fitting to large data sets of cell survival which are then extrapolated to clinical conditions. [30] [31] [32] While the mathematical form of these modifications is motivated by our understanding of the underlying biology and physics, this empirical approach is poorly-suited to the integration of parameters from different end points, or making extrapolations to behaviours in complex in vivo systems. Instead, fully integrating all of these data to predict clinically-relevant RBEs requires more comprehensive models of radiation response. Ideally, each stage of the radiation response process should be described in a suitable series of interlinked models, allowing for communication of information between scales. For example, linking models of nanoscale energy deposition to DSB yield and complexity will enable predictions of damage resulting from novel exposures. These damage predictions can then be used as input into models of DNA repair, which in turn feed into models of cellular survival. Finally, these cellular models could be integrated into pre-clinical and clinical models of tumour and normal tissue response.
By rigorously validating these models at each stage of the radiation response process, they could be linked more fundamentally to our knowledge of the underlying biology, and given greater predictive power. A number of frameworks exist which seek to make more mechanistic predictions of radiation sensitivity in a variety of end points, [33] [34] [35] [36] but these models still lack the comprehensive coverage and validation required for clinical translation. A major challenge in this area is the availability of robust integrated validation data-while there are an abundance of experimental studies of changes in cell survival in terms of dose and LET, there are relatively few probing other intermediate end points such as DNA repair or chromosome aberrations. Fewer still incorporate all of these experimental end points in a single study. Thus, interexperiment comparisons are required, introducing a number of confounding factors, even as we attempt to build predictive models at the cellular level. Even more difficult is the validation of in vitro cellular models within pre-clinical systems and ultimately within patient outcome studies.
However, the multiscale approach offers the potential to develop more robust, translatable models of proton RBE which integrate all of the available data. To achieve this, closer collaboration is needed between the disciplines involved in proton therapy research, with greater links between modellers and physicists, chemists, biologists and clinical teams, to identify and design the experiments and clinical studies which can provide the greatest insights into this problem.
the Potential imPact of multiscale rbe modelling on clinical Proton theraPy Within carbon ion radiotherapy, clinical dose optimisation has been performed based on empirical RBE models which draw upon tissue α/β values from photon irradiations and either voxelized LET distributions or microscopic energy deposition patterns. 37 Proton clinics have been reluctant to follow suit and adopt dose optimisation based upon RBE modelling, because (i) despite decades of proton practice, there exists a paucity of clinical evidence that an assumed RBE of 1.1 results in significant over-/underdosage, and (ii) for protons, probable deviations from the fixed value of 1.1 within a patient are often perceived to be of the same order as uncertainties associated with empirical RBE modelling. These reasons, combined with hesitancy to change well-established clinical protocols and begin compromise target coverage in terms of physical dose, mean that, at present, even end-of-range proton RBE mitigation strategies (such as LET-based optimisation) are likely to gain rapid traction only if they can be implemented at little cost to standard proton physical dose distributions. Meanwhile, proton treatment planning studies which draw upon empirical RBE models are increasingly highlighting end-of-range RBE effects as a serious area for concern with regards to possible toxicities, 38 and RBE uncertainties clearly impact upon both normal tissue complication probability and tumour control probability estimates for proton therapy. 39 Improved understanding of proton RBE would bring BJR Commentary: Proton relative biological effectiveness (RBE): a multiscale problem references increased precision to model-based selection of those patients who stand to benefit most from proton therapy, 40 enhancing clinical trial design and interpretation. With sufficient validation, multiscale RBE models could also offer true "biological dose" optimisation within clinical treatment planning systems, dose-painting of radioresistant tumour regions and perhaps, even treatment individualisation based upon a specific patient's tumour or normal tissue biology.
conclusion Individual research groups have studied proton RBE at their specific scales for many decades, but thus far an overarching solution for clinical practice has remained elusive. Collaboration on proton RBE should be prioritised by our wider community: diverse expertise must be brought together as we seek to form consensus on proton RBE issues and ultimately work towards the validation of multi scale models. Over 40 years on, the words of Professor Jack Fowler are particularly pertinent 41 :
"Radiobiology contributes to radiotherapy a framework of ideas, available to every thinking radiotherapist… First enough information has to be gathered for radiobiology to be able to explain the successes and failures of radiotherapy… Progress can be made by a continuing dialogue between radiotherapists and radiobiologists. At each stage the implications of radiobiological results should be reviewed for comparison with clinical experience". 41 
